polymers or dendrimers), should now help establish the desired optimized catalytic systems.
In this context, the use of transition -metal nanoparticles (NPs) in catalysis [3] is crucial as they mimic metal surface activation and catalysis at the nanoscale and thereby bring selectivity and effi ciency to heterogeneous catalysis. Transitionmetal NPs are clusters containing from a few tens to several thousand metal atoms, stabilized by ligands, surfactants, polymers or dendrimers protecting their surfaces. Their sizes vary between the order of one nanometer to several tens or hundreds of nanometers, but the most active in catalysis are only one or a few nanometers in diameter, i.e. they contain a few tens to a few hundred atoms only [4] . This approach is also relevant to homogeneous catalysis, because there is a full continuum between small metal clusters and large metal clusters, the latter being also called colloids, sols or NPs. NPs are also well soluble in classic solvents (unlike metal chips in heterogeneous catalysis) and can often be handled and even characterized as molecular compounds by spectroscopic techniques that are well known to molecular chemists, such as 1 H and multinuclear NMR, infrared and UV -vis spectroscopy and cyclic voltammetry. Molecular mechanisms involving the NP surfaces in catalytic reactions are much more diffi cult to elucidate, however, than those of monometallic catalysts, and the size and shape of the NP catalysts are key aspects of the catalytic steps. NPs themselves can also be used as catalysts in homogeneous systems or alternatively they can be heterogenized by fi xation onto a heterogeneous support such as silica, alumina, other oxides or carbon, for instance carbon nanotubes. Thus, the fi eld of NP catalysis involves both the homogeneous and heterogeneous catalysis communities, and these catalysts are sometimes therefore called " semi -heterogeneous " [3, 5] . This fi eld has attracted a considerable amount of attention recently, as demonstrated by the burgeoning number of publications in all kinds of catalytic reactions, because NP catalysts are selective, effi cient, and recyclable and thus meet the modern requirements for green catalysts . Applications are already numerous, and the use of these catalysts in industry will obviously considerably expand in the coming years. Table 1 .1 shows the impressive number of catalytic reactions that have been achieved using transition -metal NPs under rather mild conditions.
The stabilization of NPs during their synthesis can be electrostatic, steric, electrosteric (combination of steric and electrostatic, see Fig. 1 .1 ) or by ligands [4, 5, 8, 11] . The NP synthesis can also occasionally be carried out from metals by atomic metal vaporization or from metal(0) complexes [11] . In view of the catalyst recycling, NP catalysts are often immobilized or grafted onto inorganic or organic polymer supports [4, 5, 8, 11] . The mechanism of transition -metal NP selfassembly has recently been subjected to detailed studies by Finke ' s group with a proposal of a four -step nucleation mechanism including two autocatalytic steps [11k] . Such mechanistic studies are of fundamental interest for NP catalysis overall.
There are many reviews on the multiple NP synthetic modes [4 -11] , and here we will not systematically detail this aspect per se . We concentrate our attention on catalysis, from the pioneering studies to the present state of the art. (1.1)
In Chapter 2 , Helmut B ö nnemann, Kyatanahalli S. Nagabhushana and R. M. Richards review these pioneering studies as well as recent advances in catalysis with both homogeneous and heterogeneous reactions. Typical successful catalytic reactions include the hydrogenation of C = C, C = O and C = N bonds, the reduction of N − O bonds and the formation of C − C bonds (typically Suzuki). The use by B ö nnemann ' s group of metal NPs as electrocatalysts (i.e. the catalysis of anodic oxidation or cathodic reduction reactions, essentially methanol and CO oxidation) is also addressed, and this concept is widely applied to the design of fuel cells whereby the combination of two or several metals provides a positive synergy for catalytic activation.
Another early popular NP synthetic method used the thermal decomposition of metal(0) precursors in the form of, for instance, metal carbonyls (Fe, Co, Ni, Ru, Rh, Ir) in the presence of stabilizing polymers [8e -g] . This method was not only useful for catalytic purposes, but in 1996 Hess and Parker [8h] and Thomas [8i] also reported in on the ferromagnetic properties (ferrofl uids) and used the thermal 
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decomposition of dicobaltoctacarbonyl as a versatile method. Other zero -valent metal complexes such as Pd(dba) 2 and M 2 (dba) 3 (M = Pd, Pt) were reported in 1970 by Takahashi et al. , then, in 1991 , the Gallezot group produced effi cient NP catalysts upon reaction with either H 2 or CO. The Bradley -Chaudret group reported the hydrogenation of zerovalent complexes of olefi nic ligands as early as 1992 [8j] . The metal -vapor technique to produce metal NPs, conceptually (but not practically) an ideal one, was fi rst published in 1927 by Roginski and Schalnikoff [8l] and was made popular in modern times by work from the groups of M. L. H. Green, Timms and Ozin [8m] . Physical synthetic means [6 -8, 10, 11] such as electrochemistry, developed by Reetz [7] , became numerous in the 1980s for the synthesis of transition -metal NPs that were subsequently used in catalysis.
Considering now catalysis with NPs that are directly connected to the NP surfaces, Oswald ' s papers in 1907 that focused on the dramatic increase of NP surface when a given cube was divided into small cubes were especially seminal. A useful pioneering review on early transition -metal NP synthesis and catalysis has been published by John S. Bradley in the book on colloids and clusters edited by G. Schmid in 1994 [5d] .
It has been well known since the nineteenth century that photography involves AgNPs whereas the decomposition of hydrogen peroxide was carried out by Bredig in 1899 using PtNPs [5d] . Catalytic studies using transition -metal NP catalysts became popular in the second half of the twentieth century with a small but important group of reactions, namely hydrogenation, hydrosilylation and hydration of unsaturated organic substrates and redox reactions including water photosplitting and photocatalytic hydrogenation. Thus, pioneering catalytic applications of NPs were reported in 1940 by Nord on nitrobenzene reduction [9a] , in 1970 by Parravano on hydrogen atom transfer between benzene and cyclohexane and oxygen atom transfer between CO and CO 2 using AuNPs [9b] . Then, Haruta ' s seminal and famous studies on oxide supported AuNP -catalyzed CO oxidation by O 2 at low temperatures were a real breakthrough, resulting from his understanding that it was small, oxide -supported AuNPs that were active and that the nm -size was crucial (see ). In the 1970s, Bond and Sermon [9f] and Hirai et al. [9g] disclosed AuNP -catalyzed olefi n hydrogenation. Hirai ' s contribution in the 1970s and 1980s was especially impressive with the use of RhNPs that were generated using aqueous methanol or NaOH in methanol as a reducing agent for RhCl 3 · 3H 2 O, producing PVA -stabilized RhNPs that were more active than previously reported RhNPs/PVA due to NP size reduction to one or only a few nm [9g] . The Maire group showed the effi ciency of micelles for the NP catalytic hydrogenation of unsaturated substrates in the early 1980s [9h] . The preparation of NP in constrained environments including microemulsions, micelles, inverse micelles and vesicles was pioneered by the seminal work from the group of Fendler in the early 1980s [9i] . On these lines, Hirai collaborated with Toshima in the 1980s in work involving the use of various surfactants to stabilize catalytically active PtNPs produced by reduction of H 2 PtCl 6 , either photochemically or by reaction with dihydrogen. Toshima actively pursued his research on metal NPs in catalysis in the early 1990s with polymer -stabilized well -mixed bimetallic NPs generated either by direct co -reduction of two salts of two different metals (such as Pt and Au), by sequential reduction (the fi rst reduced NPs serving as seeds for the surface condensation of the second metal) or by galvanometric reduction of a metal salt by initially produced NPs of another more easily reduced metal [5f,g] . In 1986, another well -known work appeared by Lewis who demonstrated the colloidal mechanism of olefi n hydrosilylation catalysis by silanes using organometallic complexes of Co, Ni, Pd or Pt including Speier catalyst (alcoholic H 2 PtCl 6 ) [9j] , whereas these catalysts were formerly believed to follow the classic monometallic organometallic mechanism (i.e. oxidative addition of the Si -H bond of the silane to the transition -metal center, followed by alkene insertion and reductive elimination). That decade saw the beginning of extended NP catalytic studies, especially in the fi elds of redox catalysis, photocatalysis (photo -water splitting and photohydrogenation of alkenes, alkynes and CO 2 ) [10a -g] , hydrogenation of unsaturated substrates and oxidation [10h,i] . NPs synthesized as indicated above using the B ö nnemann -type synthesis from metal salts were further used in various hydrogenation reactions and C − C coupling reactions such as the Heck reactions between butyl acrylate and iodobenzene or aryl bromides and styrene [4, 5, 7, 11] .
The fi rst years of this twentyfi rst century have seen an exponential number of publications in the NP fi eld with goals of both (i) improving catalyst activities and selectivities and (ii) understanding the catalytic mechanisms [11] . . We will classify and discuss the categories of NP catalysts by the type of support, and then the various reactions will be collected by references in Table 1 .1 . The fi eld of metal NP catalysis is now spreading in several directions around the interface between homogeneous catalysis and heterogeneous catalysis with mutual benefi ts.
Polymers as NP Stabilizers
Polymers provide metal NP stabilization not only because of the steric bulk of their framework, but also by weak binding to the NP surface by the heteroatom, playing the role of ligands. Poly( N -vinyl -2 -pyrrolidone) (PVP) is the most commonly used polymer for NP stabilization and catalysis, because it fulfi ls both steric and ligand requirements [5f] . For instance Pt -, Pd -and RhNPs stabilized by PVP, are synthesized by refl uxing ethanolic reduction of the corresponding metal halide and immobilized in an ionic liquid, 1 -n -butyl -3 -methylimidazolium hexafl uorophosphate ([BMI][PF 6 ]), and are very effi cient olefi n and benzene hydrogenation catalysts at 40 ° C that can be recycled without loss of activity (see Chart 1.1 for the two major polymer formulas used for NP catalysis) [12k] .
With standard PVP -stabilized NP catalysts, parameters such as size and stability during the catalytic process have been examined. For instance, decreasing the PdNP size down to 3 nm in the Suzuki reaction improved the catalytic activity, suggesting that the low -coordination number vertex and edge atoms on the particle surface are active catalytic sites [13] . Many other polymers have been used recently for effi cient catalysis: polyurea (Scheme 1.1 ) [14a] , polyacrylonitrile and /or polyacrylic acid ( Fig. 1.2 ) [14b] , multilayer polyelectrolyte fi lms ( Fig. 1.3 ) [14c] , polysilane shell -cross -linked micelles ( Fig. 1.4 A very important concept pioneered in the 1970s is that of catalysis using two different metals such as Au and Pd in the same NP [15] . This idea has been beautifully developed by Toshima ' s group who used PVP to stabilize core -shell bimetallic Au -PdNPs, i.e. for instance NPs in which the core is Au whereas Pd atoms are located on the shell (Fig. 1.6 ) [16] . Subsequent to co -reduction, this structure is controlled by the order of reduction potentials of both ions and the coordination abilities of both atoms to PVP. The location of Au in the core and Pd on the shell was demonstrated by EXAFS, and it was shown that such heterobimetallic Chem. Soc. 2004 , 126 , 2658 . Au -cored PdNPs are more active in catalysis than simple PVP -stabilized PdNPs. Thus, the Au core enhances the catalytic properties of PdNPs at the PdNP surface [5f,g] . Conversely, design strategies can lead to the opposite core -shell structure (Pd core, Au shell), and specifi c catalytic properties were obtained for methylacrylate hydrogenation [16] .
Cyclohexene hydrogenation was catalyzed with PdNPs stabilized by highly branched amphiphilic polyglycerol (75% esterifi ed with palmitoyl chloride) and this system was submitted to a continuously operating membrane reactor for recovery and recycling of the PdNP catalyst [16c] .
In . The catalytic effi ciency is optimal for the smallest NPs and decrease as the NP size decreases.
Dendrimers as NP Stabilizers
Dendrimers are hyperbranched macromolecules that are constructed around a core and are well defi ned by regular branching generation after generation. Dendrimers, as polymers, are macromolecules; but unlike polymers, they are perfectly defi ned on the molecular level with a polydispersity of 1.0 [17] . Having shapes of molecular trees or caulifl owers, they become globular beyond low generations, and thus behave as molecular boxes [17c] that can entrap and stabilize metal NPs, especially if they contain heteroatoms in their interiors [17d,18] . The dendritic branches and termini can serve as gates to control access of small substrates inside the dendrimer to the encapsulated NP. Finally, the dendrimer terminal groups Fig. 1 .5 Polysiloxane -PdNPs, generated by reduction of Pd(OAc) 2 with polymethylhydrosiloxane, as recyclable chemoselective hydrogenation catalysts: selective reduction of styrene (a) and polysiloxane -PdNP catalyzed reduction of alkenes (b) . (Ref. [14e] ; Caudhan group, J. Am. Chem. Soc. 2004 , 126 , 8493) .
provide the desired solubility in organic, aqueous or fl uorous media. The formation of NPs stabilized by dendrimers was proposed in 1998 by three research groups Crooks [11b,18a] , Tomalia [19a,b] and . The fi rst two groups introduced the metal NPs inside the dendrimers whereas the last one stabilized them at the dendrimer periphery. The former strategy has proved very successful because of the molecular defi nition of dendrimers that encapsulate NPs and their ability to serve as a box and generation -dependent fi lter of substrates. Crooks [18a] showed that complexation of the inner nitrogen atoms of tertiary amines by metal cations (Cu , Fe 3+ Ru 3+ ) could be followed by reduction by NaBH 4 to metal(0) leading to the agglomeration of metal atoms to NPs inside the PAMAM dendrimers. Crooks also pioneered the fi eld of catalysis using these dendrimerencapsulated nanoparticles (DENs), and some examples of the work of his research group follow [18a] . When the terminal amino groups were protonated at pH 2 prior to complexation by metal ions, the latter proceeded selectively onto the inner nitrogen atoms, resulting in water solubility and subsequent catalytic activity in water. For instance, selective hydrogenation of allylic alcohol and N -isopropyl acrylamide was catalyzed in water by such PAMAM dendrimer -PdNPs ( Fig. 1.7 and Chart 1.2 ). The addition of decanoic acid solubilizes the dendrimer -NP catalyst in toluene by terminal amino group -carboxylic acid reaction, and the catalyst hydrogenates the substrates more rapidly than in water. Alternatively, a perfl uorinated polyether " ponytail " can be covalently grafted in order to solubilize the PAMAM -dendrimer PdNP catalyst in supercritical CO 2 , and this catalyst was shown to perform classic Pd -catalyzed Heck coupling between aryl halides and methacrylate, yielding predominantly (97%) trans -cinnamaldehyde. Oxidation El Sayed investigated in details the effect of the PAMAM dendritic generation on the catalytic activity in the Suzuki C − C coupling reaction between phenyl iodide and phenylboronic acid at 80 ° C. Generations 3 and 4 were found to be good stabilizers (contrary to generation 2), because the dendrimers stabilize the metal NPs by preventing their agglomeration but they do not fully passivate the metal surface. The PAMAM dendrimer -stabilized PdNPs (1.3 ± 0.1 nm) were compared to PVP -stabilized PdNPs (2.1 ± 0.1 nm) for this Suzuki reaction carried out in 3 : 1 MeCN : H 2 O at 100 ° C, and the mechanism was found to be similar with phenylboronic acid adsorption onto the NPs, but the 2nd cycle/1st cycle ratio was higher for the dendrimer -PdNP catalyst [11a, 21] . Using a different mode of synthesis of these 4th -generation PAMAM dendrimer -stabilized PdNPs (3.2 ± 1 nm) as catalysts, Christensen found Suzuki coupling to occur with iodobenzene in EtOH at 78 ° C, whereas bromobenzene requires a temperature of 153 ° C in DMF. The amount of catalyst was only 0.055%, which is signifi cantly less than with traditional catalysts. It was suggested that, since the G4 -dendrimer diameter is only 4.5 nm, the PdNPs are stabilized by the dendrimer rather than encapsulated [22a] . In studies with 3rd -to 5th -generation poly(propylene imine) (PPI) functionalized (0) by NaBH 4 leading to the formation of NPs inside the dendrimer, followed by the catalyzed reaction. The use of PIP dendrimers requires control of the pH before metal ion complexation in order to selectively protonate the terminal amino group (p K a = 9.5), not the inner ones (p K a = 5.5) whereas in the PAMAM series, OH -terminated dendrimers are used (Ref.
[18f] ; Crooks, Acc. Chem. Res. 2001 , 34 , 181) . Schematic diagram for the preparation of dendrimer -encapsulated bimetallic NPs (Reprinted with permission from Ref. [23] ; Rhee group, J. Mol. Catal. A: Chem. 2003 , 206 , 291) .
by reaction with triethoxybenzoic acid chloride, the dendrimer -stabilized PdNP catalyst led to substrate specifi city for the hydrogenation of polar olefi ns, due to the strong interaction between polar substrates and the inner tertiary amino groups. For instance, in competitive hydrogenations of 3 -cyclohexene -1 -methanol and cyclohexene, G5 -PdNPs gave only reduction of the former while the traditional Pd/C catalyst gave incomplete hydrogenation of both compounds under the same conditions ( Fig. 1.8 ) [22b,c] . Catalytic activity has been found for the Heck reaction of iodobenzene with ethylacrylate in refl uxing toluene (75% yield) and Suzuki reactions of iodo -and bromobenzene with PhB(OH) 2 in refl uxing ethanol (42 -47% yield) have been observed for PdNP -cored dendrimers of the third generation. However, no activity was obtained for hydrogenation reactions [22d] .
This encapsulation strategy has recently been extended to bimetallic NP catalysts [22, 23] , evidence that these NPs are bimetallic being provided by single -particle X -ray dispersive spectroscopy (EDS) [17a,b] . It was shown that the G4 -PAMAM Pd/M NPs (M = Pt or Au) catalyze allylic alcohol hydrogenation more effi ciently than the analogous monometallic Pt or Pd catalyst or their mixture, due to favorable synergistic effects [18] . When the inner PdNP was located at the dendritic core of G3 -NPs, Heck and Suzuki coupling could be obtained in 38% to 90% yield in refl uxing toluene or ethanol for a day [20] ( Fig. 1.9 ). Suzuki catalysis in PPI dendrimer -supported PdNPs was also carried out for comparison with PAMAM dendrimers [18c] . The form of the NPs within the dendrimer is not clear despite TEM studies. Are the NPs really completely inside the dendrimer? Is the dendritic core encapsulated in the NP? Are there several close NPs in the dendrimer cavities or are they connected? Likewise, more work is called for in order to understand the very nature of the catalytically active Pd species.
The other dendrimer stabilizing strategy carried out by Esumi involves coordination of the NPs by surface amino groups of , and these catalysts were used for various catalytic reactions including the reduction of 4 -nitrophenol. In this case, one may visualize PdNPs surrounded by a number of dendrimers that can also bridge PdNPs. In both situations, the dendrimers clearly stabilize small nanoparticles by a combination of polyligand and steric effects. Whether these dendrimer -stabilized PdNPs are the active species in Pd catalysis or reservoirs of much smaller, very active, Pd fragments, is unclear.
In Chapter 4 , Bert Chandler and John D. Gilbertson also review, in addition to homogeneous DEN catalysis, their use of dendrimer -protected NPs heterogeneous systems. Indeed, Chandler ' s group has grafted DENs (including bimetallic ones) onto a variety of solid supports and used the resulting solids as heterogeneous catalysts, for instance for CO oxidation. The dendrimer protection of these NPs is removed at high temperature
(150 ° C to 300 ° C), the PAMAM dendrimers being thermally unstable.
Ligand Stabilization of NPs
The introduction of ligands as NP stabilizers is of special interest, because it focuses on the precise molecular defi nition of the catalytic materials. In principle, this strategy potentially allows a good control of the molecular modulation in order to optimize the parameters that govern the effi ciency in catalytic reactions, including enantioselective ones.
Gladysz showed that a thermomorphic fl uorous palladacycle acts as a PdNP catalyst precursor for the Heck reaction at 80 -140 ° C in DMF with very high turnover numbers [24a] . Molecular palladium complexes such as palladacycles and other palladium salts have also been used as PdNP precursors upon treatment with CO in DMF or toluene at room temperature, and these PdNPs catalyzed nucleophilic substitution/carbonylation/amination affording iso -indolinones at room temperature [24b] . PdNPs capped with special ligands such as polyoxometal- lates [25] and cyclodextrins [26] were shown to be active for the catalysis of the hydrogenation of unsaturated substrates and of the Suzuki, Heck and Stille reactions. For instance, iodo -and bromoarenes and iodoferrocene are coupled to phenyl boronic acid by refl uxing in MeCN : H 2 O, 1 : 1 (v/v) in the presence of K 2 CO 3 or Ba(OH) 2 and 1% perthiolated β -cyclodextrin -PdNPs [26a] . These 3 -nm PdNPs are also active for the hydrogenation of water -soluble alkenes [26b,c] . In fact, the simplest dodecathiolate -PdNPs catalyze the Suzuki reaction of halogenoarenes, including chloroarenes, with phenylboronic acid, even at ambient temperature, and recycling several times has been achieved [27] . Another very simple mode of stabilization involved addition of silanes R 3 SiH such as tert -butyldimethylsilane to [29, 30] . The fi rst example of an asymmetric reaction catalyzed by metal NPs was reported by the group of Lemaire, Besson and Gallezot in 1994 with the RhNP catalyzed hydrogenation of 2 -methylanisole o -cresol trimethylsilyl ether induced by a chiral amine, R -dioctylcyclohexyl -1 -ethylamine as a RhNP ligand [29] . The hydrogenation of ethyl pyruvate was found by B ö nnemann [30a] to be effi ciently catalyzed by cinchonidine -Pt -or PdNPs (75 -80% ee, Scheme 1.2 ), and the ee was later improved (up to 95 -98%)
PdNPs with a diameter of 2.0 ± 0.5 nm and narrow size distribution. It was found that these BINAP -PdNPs catalyzed asymmetric hydrosilylation of styrene under mild conditions (ee: 95% at 0 ° C), in contrast to inactive monometallic BINAP -Pd complexes [30e] . Recently, enantioselective allylic alkylation was reported by the Gomez and Chaudret groups to be catalyzed by PdNPs stabilized by a chiral xylofuranide diphosphite with 97% ee [30f ] . The authors of these few NP reports support catalysis by the NP themselves. The very nature of the catalytically active species (and also whether catalysis actually occurs on the NP surface) remains unclear, however, and the catalytically active species may equally well be much smaller Pd fragments, leaching from the NP, to which the asymmetric ligand is bound. Anyway, the selectivity obtained is remarkable.
" Ligand -free " Heck Reactions using Low Pd -Loading
The original reports by Mizoroki [31a] , then by Heck [31b] , on the Pd -catalyzed coupling reaction of aryl iodides with olefi n used a Pd salt (PdCl 2 resp. Pd(OAc) 2 ), a base (NaOAc resp. NBu 3 ) and a solvent (methanol resp. N -methylpyrolidone), but no phosphine or other ligand. Beletskaya reported a similar phosphine -free reaction of iodo -and bromoarenes in water, and the Pd -loading was as low as 0.0005 mol% (the term " homeopathic dose was used) with 3 -iodobenzoic acid seems quite general with aryl bromides and has been scaled up by DSM to the kg scale in order to prepare a drug intermediate [31e] . Likewise, a range of enantiopure substituted N -acetyl -phenylalanines was obtained from methyl N -acetamidoacrylate and various bromoarenes at very low Pd -loading in the absence of other ligands, followed by Rh -catalyzed hydrogenation [31l] . De Vries reported similar behavior for the Suzuki reaction of aryl bromides with TOFs up to 30 000 [31m] . The precise nature of the active species in these Pd -catalyzed C -C coupling reactions is not known, and it may well be an anionic mono -or dimeric Pd 0 species to which an anionic ligand (Cl − or OAc − ) is bound [32 -34] . This means that the anionic Amatore -Jutand mechanism that has now met general acceptance for homogeneous Heck catalysis is also operating with many heterogeneous systems (Scheme 1.4 ). This type of catalysis is very important in term of " Green Chemistry " as waste is largely minimized here in the absence of added ligand and such low . It also suggests that supported PdNP catalysts (heterogeneous catalysts, vide infra ) could well behave in a related way. The Jones group has recently published an important comprehensive review on the nature of active species in Pd -catalyzed Heck and Suzuki -Miyaura reactions [31o] . This concept could be extended to other types of catalysis, and indeed other examples of PdNP pre -catalysts are known for C -C bond formation for which Pd is the best metal catalyst [31p] (Scheme 1.5 . In such systems, hydrogen can work both as a reductant for Pd salts and for the unsaturated substrate. Ultrafi ne PdNPs in reverse micelles using KBH 4 as a reducing agent of Pd II precursors led to catalytic hydrogenation of allylic alcohol and styrene in iso -octane, although the bis (2 -ethylhexyl) sulfosuccinate surfactant inhibited the hydrogenation activity ( Fig.  1.10 ) 
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tert -butylhydroperoxide ( t BHP) was catalyzed by FeNPs in a reverse microemulsion or with RuNPs in a biphasic water/cyclooctane solvent with recycling without loss of activity (Scheme 1.6 ), and microemulsions were found to be effi cient in ligand -free Heck catalysis [32j] .
Aerogels, less dense solid materials (with densities around 0.2 g cm − 3 and high surface area around 600 m 2 g − 1 ), are excellent supports for NPs in catalysis, because they are porous and thus leave the active NP surface exposed. Aerogels are prepared by supercritical drying or liophilization of gels, and the NP -ated aerogels are prepared before, during or after the sol -gel process. 
Aerogel -supported NPs in catalysis are reviewed by Adelina Vallriebera and Elies Mollins in Chapter 5 . In particular, the catalysis that is reviewed in Chapter 5 with NP -ated arerogels includes both classic liquid -phase reactions (olefi n oxidation, epoxidation and dihydroxylation, various C − C bond formation reactions including

Ionic Liquid Media for Catalysis by NPs
Ionic liquids (ILs) were introduced in catalysis by Yves Chauvin in the 1990s [33a] and have received considerable attention in this fi eld [33b,c] . Yves Chauvin introduced the imidazolium salts that are the most frequently used ILs in catalysis. ILs are valuable media for catalysis with PdNPs because the substituted imidazolium cation is bulky, favoring the electrosteric stabilization of NPs, as do the t -Bu 4 N + salts in Fig. 1.1 . The size of the cation (that can eventually be tuned by the choice of the N -alkyl substituents) also has an important infl uence on the stabilization, size and solubility of the NPs, these factors playing a role in catalysis. ILs are also non -innocent, however, as they readily produce Pd -N -heterocyclic carbene complexes upon deprotonation of the imidazolium salt at suffi ciently high temperature. Thus, these carbene ligands can be bound to the NP surface or give mononuclear mono -or bis -carbene complexes subsequent to leaching of Pd atoms from the PdNP surface ( vide infra ) [33] . 2 with tetrabutylammonium acetate dissolved in tetrabutylammonium bromide, effi ciently catalyzed the stereospecifi c reaction of cinnamates with aryl halides to give β -aryl -substituted cinnamic esters.
The role of the IL is crucial in both the PdNP formation and stereospecifi ty of C − C coupling that could not be obtained in previous studies of PdNP -catalyzed Heck reactions [33e -g] . Salts of N -butyronitrile pyridinium cation react with PdCl 2 to give dinitrile complexes that turn black upon addition of phenyltributylstannane, and the PdNPs formed catalyze Stille and Suzuki C − C coupling reactions. It is believed that the nitrile groups coordinate to the PdNP surface, which results in PdNP stabilization [33h] .
Palladium acetate led to the formation of PdNPs in the presence of the IL 1,3 -dibutylimidazolium salts. It was suggested that formation of N -heterocyclic Pdcarbene complexes is at the origin of the formation of PdNPs that catalyze Suzuki coupling [33i] . Such carbene complexes were shown to form and also catalyze the Heck reaction, formation of PdNPs under these conditions being highly suspected to be responsible for catalysis [33e,j] . Indeed, heating these N -heterocyclic Pdcarbene complexes led to PdNP formation subsequent to ligand loss (Scheme 1.7 ). The selectivity of the reactions in such IL media also depends on the solubility, and the solubility difference can be used for the extraction of the product [33k -m] . Scheme 1.7 Formation of Pd -carbene complexes by reaction between palladium acetate and imidazolium salts followed by decomplexation at high temperature and formation of catalytically active PdNPs for Heck -type reactions [33e,i,j] .
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In conclusion, IL are favorable media for the electrostatic stabilization of preformed NPs at room temperature and subsequent catalysis, whereas they give for instance Pd -carbene complexes upon deprotonation of the imidazolium cation, yielding, at high temperature, PdNP catalysts whose mechanism of action is discussed in the ligand -free catalysis section.
The fi eld of ionic -liquid -stabilized NPs is reviewed by Jairton Dupont and D. Dagoberto de Oliveira Silva in Chapter 6 , including the supramolecular aspects of ILs (multiple H -bonding) and the most frequent examples of reactions that are catalyzed by IL -stabilized NPs (hydrogenation of olefi ns, diolefi ns, arenes and ketones, hydroformylation, Heck reaction and Negishi coupling).
Oxide Supports for NP Catalysts
There is a fast growing and now large body of literature reports concerning NPs supported on metal oxides with a variety of supports, i.e. oxides of Si [34, 35] 40] , molecular sieves ( Fig. 1.11 ) [41] and alumina membranes ( Fig. 1.12 ) [36a] . Thus, despite the large variety of supports, the majority of them involve a form of silica. The catalytic reactions examined with these supported NPs are hydrogenation reactions of unsaturated substrates including selective ones, Heck and other C − C coupling reactions and oxidation of CO and alcohols using molecular oxygen. The heterogenization of polymer -or dendrimer -stabilized NPs on a solid support such as silica permits one to benefi t from the classic advantages of heterogeneous catalysis, i.e. stability to high temperatures and easy removal from the reaction medium and from the bottom -up approach of NP synthesis. A few remarkable recent examples are discussed below, and Table 1 .1 gathers references for each NP -catalyzed reaction.
PtNPs and bimetallic dendrimer -stabilized Pd -AuNPs were adsorbed onto a high -surface silica support and thermally activated to remove the dendrimers ( Fig. 1.13 ). The Chandler group showed that these NPs were smaller than 3 nm and highly active for CO oxidation catalysis near room temperature, and hydrogenation of toluene was also effi ciently carried out [34] . The fabrication of uniform hollow spheres with nanometer to micrometer dimensions having tailored properties has recently been intensively studied using various procedures [42a] . Monodisperse Pd nanospheres of 300 -nm size catalyzed Suzuki coupling of iodothiophene with phenylboronic acid using 3 mol% Pd catalyst in ethanol under refl ux whereas 15 mol% Pd catalyst was used to couple bromobenzene under these conditions ( Fig. 1.13 ) monomeric PdCl 2 species chemisorbed on the hydroxyapatite surface that is readily transformed into supported PdNPs with narrow size distribution in the presence of alcohol. These PdNPs catalyze the oxidation of 1 -phenylethanol under an atmospheric O 2 pressure in solvent -free conditions with a very high turnover up to 236 000 and a remarkable turnover frequency of 9800 h − 1 . The work up is easy and the catalyst is recyclable without requiring additives to complete the catalytic cycles [38] . Hydrotalcite anionic clays are layered double hydroxides of formula M
, Cl − or NO 3 − that have high anion exchange capacities. These materials, after calcination at temperatures over 723 K, serve as supports for noble -metal catalysts. For instance, C − C coupling [39d] and selective semi -hydrogenation of alkynes [39e] have been obtained. Immobilization of a PdNP catalyst on a solid surface, such as molecular sieves, was achieved by the IL 1,1,3,3 -tetramethylguadinidium lactate, and this system was used for solvent -free hydrogenation of alkenes with high activity and stability (for instance with a cyclohexene/Pd mol ratio of 12 000, 100% conversion was obtained in 10 h at 20 ° C with a TOF of 20 min . Ag -PdNPs prepared directly in ultrathin TiO 2 gel fi lms by a stepwise ion -exchange/reduction method showed activity in methyl acrylate hydrogenation 267 times higher than commercial Pd black and 1.6 times higher than PdNPs that did not contain Ag. This outstanding activity was explicable by the large fraction of the surface -exposed Pd atoms [37c] . Polyelectrolyte multilayers serve as supports for PdNP -catalyzed selective hydrogenation of allylic alcohols, isomerization being suppressed. Thus, polyacrylic acid and polyethyleneimine -Pd( II ) complex were alternately adsorbed on 150 -mm diameter alumina particles, and subsequent reduction of Pd( II ) to PdNPs was carried out using NaBH 4 [14d] .
The mechanisms of oxide -supported PdNP catalysis are far from being understood. The oxide support has of course a strong infl uence on the activity. For instance, in the Heck reaction, the activity is dominated by the support according to:
The good activity of zeolites in this reaction is seemingly due to better stabilization of active species in the cavities and to better dispersion of PdNPs on the oxide support. There are many heterogeneous catalysis studies discussing the infl uence of parameters (solvent, catalyst, base, temperature, recycling activity, NP size). Indeed, Djakovitch and K ö hler have proposed that, since the results are often similar for homogeneous and heterogeneous systems in terms of selectivity, the heterogeneous mechanism proceeds by leaching of molecular Pd species into the solution, a phenomenon favored in DMF (see Chapter 10 ). This " leaching mechanism " , fi rst proposed by Julia et al. in 1973 [42b] , then shown by Shmidt and Mametova [42c] and subjected to detailed experimental evidence by Arai [42d] , is now fi rmly established [43a] . On the other hand, dehalogenation is favored on heterogeneous supports compared to homogeneous catalysis. Thus, it has been proposed that supported PdNPs are responsible for dehalogenation [43] . Along this line, the useful 3 -phase test (also called Collman test, fi rst proposed by Rebeck) has been used by Davies to discriminate homogeneous and heterogeneous Pdcatalyzed carbon -carbon coupling reactions [43k] .
The heterogeneous Pd -catalyzed Heck reaction has been extended to important α -arylated carbonyl derivatives, and the model arylation of diethylmalonate has been examined. The NaY -PdNP catalyst disclosed a limited activity, giving yields comparable to those obtained with the homogeneous [Pd(OAc) 2 /4 PPh 3 ] system, but the Pd concentration used is only 2% and the recyclability is good. The amination of halogenoarenes has also been investigated with MgO -PdNPs and ZrO 2 -PdNPs, the amphoteric supports giving the best yields, which would indicate that they favor the rate -limiting C − N coupling in the reductive -elimination step. For this latter reaction, the zeolite supports give a better para selectivity, supposedly because of the optimal control of the " shape selectivity " [43, 44] .
This leaching concept established for PdNPs applies to Ni/C for which catalysis of a variety of C − C and C − N coupling reactions (Kumada, Suzuki, Negishi, Heck, amination of bromoarenes) was also found by Lipshutz ' s group with leaching Ni species leading to a mixture of homogeneous and heterogeneous catalysis. However, the amount of leaching metal is much more important in the PdNP case than with NiNP for which the amount of leaching remained essentially constant and extremely low along the reactions [44k -o] .
The , and the activity in benzene hydrogenation was studied in the absence and presence of 330 ppm H 2 S in H 2 . By comparison, zeolite -supported catalysts were found to be more effi cient when H 2 S was present [43d] .
Oxide supports in transition -metal NP catalysis are discussed in this book in detail in Chapters 4 , 5 , 9 , 10 , 15 , 16 and 17 
dealing with heterogeneous catalysis. In particular, Florence Epron, Catherine Especel, Gwendoline Lafaye and Patrice Mar é cot review multimetallic NPs prepared by redox processes applied in catalysis in Chapter 9 . This chapter is authored by the successors of Jacques Barbier who headed the Poitiers laboratory and pioneered oxide -supported multimetallic heterogeneous catalysis. It focuses on the advantages of silica -or alumina -supported multimetallic NP catalysts of organic transformations (particularly improvement in the selectivity of hydrogenation and hydrogenolysis and competition between C = C and C = O bond hydrogenation), naphtha reforming, fuel cells design and environmental catalysis. The strength of this chapter is also the systematic analysis of the redox approach to bi -and tri -metallic NPs coupled with compared catalytic effi ciency. Practical aspects (including NP synthesis, stability in water, deposition reactions) and characterization methods and techniques are emphasized therein.
Carbon Supports for NP Catalysts
Charcoal is a classic commercial support for catalysts such as Pd/C. B ö nnemann applied his general synthetic method using the reduction in THF of quaternary ammonium salts of metal cations to simple impregnation upon stirring the NP suspension on charcoal, and used these charcoal -supported metal NPs for a variety of catalyzed reactions [7, 29a, 34, 35a, 41a,c] . This procedure has also been used by Reetz for his electrochemically prepared metal NPs including catalytically active bimetallic NPs [8, 35a] . Activated carbons that are suitable as support materials in catalytic processes need to be prepared and modifi ed in order to obtain adequate surface area, porosity and pore size distribution. Purifi cation by acid treatment and elution processes is required in order to remove ash, extractable sp 3 material and contaminants. These supports need pre -treatment and conditioning for the preparation of suitable surface chemistry to optimize precious metal/support interactions during impregnation and dispersibility in the reaction media. Pd/C catalysis (as well as overall PdNP catalysis) is extensively reviewed in Chapter 10 by Laurent Djakovitch, Klaus K ö hler and Johannes G. de Vries. The mechanism is quasihomogeneous, and small Pd species in solution act as the catalytically active ones.
The Pd is leaching and is redeposited at the end of the reaction, which provides an excellent recovery of the precious metal from the reaction mixture. The precipitation of the catalyst at the end of the reaction signifi cantly changes its state and decreases its activity, however, making its re -use unattractive. K ö hler et al. also showed that optimization of the Pd/C catalyst (temperature, solvent, base and Pd loading) allows turnover frequencies (TOFs) of up to 9000 to be reached and Pd concentration down to 0.005 mol% to be developed for the Heck reaction of unactivited bromobenzene at 140 ° C [44] . The turnover numbers (TONs) are surpassed, however, by those of the best homogeneous catalysts.
Heterogeneous Ni/C catalysis is also essentially known for hydrogenation of unsaturated compounds. Recent reports concern hydrodehalogenation of aryl halides (including aryl chlorides), Kumada, Suzuki and Negishi -type C − C coupling and aromatic amination. Whereas the mechanism for heterogeneous hydrogenation follows true surface chemistry with dihydrogen chemisorption onto the metal surface, C − C and C − N coupling reactions involve nickel bleed from the carbon support (whose % can be very high), a one -time event at the very beginning of the reactions. There exists an equilibrium for this homogeneous Ni species between Ni located inside or outside the C pores, strongly favoring the former. Thus, unlike in the Pd/C case, only traces of metal are detectable in solution. The Ni is completely recovered on charcoal, making this heterogeneous catalyst important for applications. These reactions appear to be due to a combination of heterogeneous and homogeneous catalysis [44] .
Recently, new supports such as high -area carbon have been used to prepare bimetallic Pt -Ru NPs that catalyze methanol electro -oxidation with enhanced activities compared to commercial catalysts [46i -l] . Pd, Rh and RuNPs, deposited onto functionalized carbon nanotubes through hydrogen reduction of metal -β -diketone precursors are effective catalysts for hydrogenation of olefi ns in sc.CO 2 . High electroactivity was also found in oxygen reduction for potential fuel cell application. Such PdNPs on carbon nanotubes in supercritical CO 2 are effi cient, for instance, in trans -stilbene hydrogenation [32g] , and comparison between carbon nanotubes and activated carbon as support was carried out for Heck and Suzuki reactions, aerobic alcohol oxidation and selective hydrogenation [44] .
Cuong Pioneers such as Nord in the 1940s and Turkevitch in the 1950s already used Pd as the metal of choice for the synthesis of NPs. Then, the reduction of halides of the transition metals and rare earth using MBR 3 H in THF by B ö nnemann in the 1990s covered all the periodic table. The active NP catalysts that have been most studied, however, are those of the noble metals Ru, Rh, Pd, Pt and Au. Thus, the second part of this book includes a number of chapters that are devoted to one or two of these specifi c noble metals (a specifi c place is reserved thereafter for gold, vide infra ). The most studied metal by far is Pd, because not only is it an excellent hydrogenation catalyst, but mainly it also catalyzes the formation of a large variety of C − C bonds. Laurent Dajakovitch, Klaus K ö hler and Johannes G. de 
Vries detail PdNP catalysis in Chapter 10 . Alain Roucoux, Audrey Nowicki and Karine Philippot in Chapter 11 deal with RhNPs and RuNPs in catalysis with emphasis on soluble NPs in various liquid media (hydrogenation of alkenes, alkynes and aromatics and C − C bond formations such as hydroformylation, methanol carbonylation, coupling reactions and Pauson -Khand reactions, oxidation, dehydrocoupling and hydrosilylation).
The seminal work by Reetz in the 1990s used the B ö nnemann -type reduction of metal salts although cathodic reduction was the synthetic method of choice, and the catalytic activity of these and many other transition metals was demonstrated and used. Manfred T. Reetz 
Gold Nanoparticle -based Catalysts
AuNPs occupy a special place given their great success and present developments. Thus, four chapters of the book are devoted to the various aspects of AuNP catalysis. In the AuNP -catalyzed CO oxidation to CO 2 [9d,e, 45] . This surprising discovery, given the long believed chemical inertia of gold, has completely changed the way chemists look at this magic metal. The fi nding of low -temperature catalysis of CO oxidation is also of great interest, because the Pt/Pd catalysts that are used in cars for CO oxidation work only at temperatures above 200 K. Thus, CO pollution essentially occurs during the fi rst fi ve minutes after starting the engines. The lowtemperature supported -AuNP catalyzed CO oxidation obviously could solve this problem. In addition, the selective oxidation of CO by O 2 in the presence of H 2 allows the purifi cation of H 2 from residual CO. There are many other challenges in catalytic oxidation chemistry that can be addressed using this type of catalyst ( vide infra ). It is considered that, among the various ways to prepare supported AuNP catalysts, Haruta ' s deposition -precipitation procedure is the most suitable [9d] :
HAuCl 4aq + NaOH → [Au(OH) 4 ] − Na + aq (pH 6 -10) → Au(OH) 3 /Support → wash, dry then calcinate at 563 -673 K → AuNP/Support (optimal AuNP size: 3 nm, stable hemispherical NPs, the size being controlled by the calcination temperature whose optimum is 570 K, optimal support: TiO 2 for which the addition of Mg citrate is necessary during or after co -precipitation for a good dispersion of tiny AuNPs). The mechanism of CO oxidation is not clear, however [45a] .
It has been shown that oxidation of CO by O 2 to CO 2 can also be catalyzed by the cluster Au 6 − in the gas phase ( Fig. 1.14 Chem. Soc. 2002 , 124 , 1999 . group indicate that the TOF increases together with a decrease in AuNP diameter. The enhancing effect of moisture on the metal oxide support has been demonstrated. Kinetics showed that the rate of CO oxidation is independent of the CO concentration and only slightly dependent on the O 2 concentration (of the order of 0 to 0.25) in the low concentration range down to 0.1 vol%. Although the mechanism was thus eventually depicted with AuNPs alone [45c,d] (Fig. 1.14 ) , activation by the oxide support is also needed and must be involved in the mechanism. Haruta suggested that CO probably adsorbs on the edge and step sites of AuNP surfaces and O 2 adsorbs on the support surfaces [50b] . Both CO and O 2 must be adsorbed on the catalyst surface near saturation and the rate -determining step must be the reaction between the two adsorbed species. [9d,e, 45b] [449] . Another open question concerns the oxide support: is it best to use a redox active, thus reducible, oxide such as TiO 2 or a redox inactive one such as silica or alumina?
Applications are expected in both the catalytic removal of CO produced at ambient temperature by engines and the removal of CO traces from dihydrogen streams feeding the fuel cells. There is a tremendous recent increase in the number of reports focusing on this area of supported AuNP -catalyzed CO oxidation, TiO 2 becoming the dominant support [45] .
The fi eld of CO oxidation, including Masatake Haruta ' systems, recent Nitrogen oxides, in particular NO and NO 2 , are produced by fossil fuel burning, simple strong heating of air and, in particular, car exhaust systems. Thus, the two sources of NOx pollution are factories and cars. Therefore, depollution from nitrogen oxides is a must for our modern Society that still needs considerable improvement, as can be frequently considered by exaggerated air pollution in specifi c regions with a high density of factories and/or urban population and car traffi c. The " DeNOx " process, i.e. the removal of nitrogen oxides, is possible using catalysis by transition -metal NPs, and the nanosize of metal NPs is actually a crucial parameter in this catalysis. Today industrial catalysts in use for " selective catalytic reduction " (SCR) are based on TiO 2 -supported V 2 O 5 -WO 3 and/or V 2 O 5 -MoO 3 , but deNOx of car exhaust is still unresolved and under investigation. The three -way catalyst (TWC) based on combinations of Pt, Pd and Rh is effi cient to remove CO and NOx from gasoline engines at 400 ° C to 800 ° C, but the period of time needed to reach these temperature involves pollution, and TWCs are ineffective for diesel and lean -burn gasoline engines. For various other environmental problems, see also Chapters 9 and 18 .
Hydrocarbon Reforming: Activation of Hydrocarbons by NP Catalysts
Hydrocarbon reforming is an essential industrial process that was carried out 50 years ago using simple oxide materials. For instance, the fi rst performed reactions using Pt -supported alumina in a fl ow reactor were carried out by Gault ' s group in Strasbourg, and mechanistic studies of hexane isomerization using such catalysts were pioneered at that time. Sophisticated noble metal NPs are now used, and up -to -date research connects selectivity to mean NP size and morphological aspects. Model studies using nanocrystals as well as supported NPs are helpful in order to understand and optimize these selectivities, for instance in alkane isomerization reactions. It is also interesting to compare this " heterogeneous " NP approach to that involving organometallic surfaces catalysis developed by Basset ' s group. In this approach, the catalyst is molecular and anchored to silica via Si -O -metal bridges. For instance, [silica(SiO) 2 Ta III -H] catalyzes propane metathesis to ethane and n -butane with turnover numbers between 25 and 60 at only 150 ° C. This surface catalyst is generated from organometallic surface -bound precursors such as [silica(SiO) x Ta V (=CH t -Bu)(CH 2 t -Bu) 3 − x ], x = 1 or 2 that are the silica -surface analogs of Schrock ' s seminal Ta alkylidene complexes. The mechanism is suggested to proceed by a series of σ -bond metathesis of C − H bonds and α and β -eliminations whereas direct σ -bond metathesis of C − C bonds in not favored. The α -elimination from d 2 metal -methyl or metal -alkyl species generates, respectively, HTa = CH 2 or HTa = CHR, and it is proposed that the mechanism then follows an alkene metathesis pathway with olefi ns generated by β -elimination (including metallacyclobutane intermediates as in the Chauvin mechanism).
Thus, only σ -bond metathesis of two kinds of σ bonds is observed in these systems: H − H, and C − H involving Ta · · · C · · · H interaction but not Ta · · · H · · · C, because a negatively polarized pentacoordinated carbon intermediate is not favorable (Scheme 1.9 ) [82] .
As in Pd catalysis, molecular and NP catalysts are complementary rather than competitive, because molecular catalysts are either excellent models allowing us to improve our understanding or their ligands can still so far improve on the performances of NP catalysis in terms of selectivities. This comparison thus represents a challenge for the heterogeneous community. Scheme 1.9 Hydrogenolysis of Ta -alkyl and methanolysis of Ta -H by σ -bond metathesis for alkane disproportionation disclosed by Basset ' s group [50] 
Surface Organometallic Chemistry on Metal NPs
In pursuing the introduction of the contributions by Basset ' s group, it should be emphasized that organometallic chemistry and catalysis on oxides ( vide supra ) has its counterpart here with the related concept involving organometallic chemistry and catalysis using organometallic complexes deposited on metal NPs. Indeed, in the last (but not least!) chapter of this book, Chapter 18 , Katrin Pelzer, Gregory Godard, Jean -Pierre Candy and Jean -Marie Basset offer an overview of this area with three types of materials devoted to both catalysis (hydrogenation, hydrogenolysis, deshydrogenation, isomerization) and environmental chemistry (dearsenifi cation and demercurisation of crude -oil, extraction of heavy metals from contaminated water): 1. A material in which a surface organometallic fragment is linked to the metallic nanoparticle via " covalent " bonds. 2. A material in which a " naked " adatom is located on the metal NP surface. 3. A material in which the " adatoms " are incorporated in the NP yielding a bulk alloy.
Rh, Pt, Ru, and Ni NPs with Sn, Ge, As, Hg organometallic complexes are discussed with these processes.
Application and Perspectives in Organic Chemistry
The fi nding of catalytic formation of C − C and C − N bonds by Pd catalysts has been a considerable progress for organic chemistry in the last fi ve years of the 20th century [34] . It became possible to easily functionalize olefi ns, alkynes and aromatics. Yet, the problem of catalyst recovery and pollution by phosphine was unsolved. These aspects are crucial for the pharmaceutical industry, the inclusion of metal and phosphine contaminants in drugs being unacceptable. NP -supported catalysis with Pd, Ni and eventually other metals now provides a very satisfying solution to catalyst removal from the reaction mixture by simple fi ltration, because the carbon and NaY zeolite support (the best ones) are reservoirs of metal species that retain these metal species subsequent to reaction in solution. The amount of metal left in solution is of the order of ppm. Moreover, such type of catalysis is phosphine free. Applications have started at DSM with the synthesis of kg -scale pharmaceutical intermediates, and it is likely that this type of procedure will now spread at a high speed in the pharmaceutical and other industries. The Heck reaction, for instance, is a key reaction for the production of fi ne chemicals on a multi -ton scale per year [34a] such as the herbicide Prosulfuron TM [34b] , the anti -infl ammatory Naproxen TM [34c] or the anti -asthma Singulair TM [34d] . On the other hand, in terms of " Green Chemistry " , it is likely that procedures involving chemicals such as ionic liquids, micelles, surfactants and other additives in homogeneous solution will less retain the attention of those interested in atom economy problems and applicable organic synthesis.
So far, high -performance molecular catalysts, reported by the groups of Buchwald, Hartwig and Fu, that are able to activate and functionalize chloroaromatics are complementary to PdNPs that cannot carry out this task, seemingly because the stereoelectronic requirement provided by the ligand (with electron donor groups to increase electron density needed in the oxidative addition step and the large bulk of these ligands required to facilitate the reductive elimination step) is essentially missing in NPs. Likewise, olefi n and alkyne metathesis that has been a success story with molecular catalysts cannot be achieved with NPs, probably because alkylidenes bridge metal surface atoms instead of presenting monohapto doubly -bonded alkylidene ligands on single metal centers, which suppresses their metathesis reactivity in the presence of unsaturated hydrocarbons (see Garin ' s mechanism in Chapter 17 and Basset ' s concept for alkane activation, however).
Given the extraordinary present progression of AuNP -catalyzed reactions, it is obvious that many applications in oxidation catalysis will very soon penetrate the everyday world of organic chemists (as illustrated in this book). Thus, altogether, NP catalysis embraces an increasingly large part of organic reactions and is respectful of the " Green Chemistry " aspects.
Conclusion
The state of the art of metal NP design and catalysis is now well advanced thanks to the efforts of the pioneers and the advent of modern characterization techniques. A large variety of NP preparation modes and materials serve as supports or grafting cores, and several media compete for effi cient catalytic processes. Monodisperse, small (1 -10 nm) supported metal NPs, including bi -and trimetallic NP catalysts, most often more effi cient than those containing only one type of metal, are available for many current reactions with great catalytic effi ciency due to the enhanced available NP surface. Compared surface (Pd(1,1,1) single crystal) and PdNP studies of catalysis of alkene hydrogenation have even shown that only PdNPs catalyze this reaction [32i] . This progress has considerably improved the selectivity of NP catalyzed reactions, especially the hydrogenation of unsaturated substrates that proceeds truly heterogeneously. High enantioselectivity has been obtained, although the demonstration that asymmetric induction occurs at the metal NP surface rather than on the more reactive leaching liganded monometallic fragment is at least not obvious. For example, in the Pd/C and Ni/C catalyzed C − C and C − N bond -forming reactions, the mechanism involves such a leaching pathway with recovery of the metal on the support at the end of the reaction. More mechanistic studies are called for in order to understand the nature of the very active metal species in solution. On the side of effi ciency, the activation of aryl chlorides for C − C coupling reactions still remains a key challenge to match organometallic catalysts that are presently more effi cient than metal NP catalysts. A major recent fi nding was the removal of these catalysts by fi ltration, although recycling and effi cient re -use many times of supported NP catalysts remains a challenge. Along this line, magnetic separation of magnetic NP catalysts appears as a challenging solution [48] .
Altogether, the fi eld of metal NP catalysis is a fascinating one, as exemplifi ed by the new gold rush and its very attractive perspectives in oxidation chemistry and by the ligand -free Pd and Ni catalysis using " homeopathic " amounts of catalyst. The metal NP fi eld is presently burgeoning, and it is anticipated that these key challenges will be met in the close future, and that this area of nanoscience will be much more applied in tomorrow ' s laboratory and industry.
